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Introduction {#sec001}
============

Ballet as a unique combination of art and sport places high demands on the dancer's musculoskeletal system and affects the motor behaviour of the dancers. Dance performance is a complex act with a large number of elements--strength, balance, flexibility etc. \[[@pone.0224145.ref001]\].

For ballet dance are typical specific movements which require precise spatial and temporal coordination of multi-joint limb movement with postural control \[[@pone.0224145.ref002]\]. A high level of postural control is important for ballet dancers to achieve an optimum aesthetic level of dance performance \[[@pone.0224145.ref003]\], it also may reduce the risk for musculoskeletal injuries \[[@pone.0224145.ref002]\]. Good level of static and dynamic balance, most often in a unipedal stance, as well as the ability to turn efficiently are some of the most important requirements put on the ballet dancers \[[@pone.0224145.ref003]\].

Ballet dancers use specific equilibrium exercises \[[@pone.0224145.ref004]\]. It can be expected, that dancers will have a highly advanced sense of awareness for the placement and motion of their bodies \[[@pone.0224145.ref005]\]. External conditions of lighting and support surfaces in ballet training vary, so dancers may be better able to use information obtained from the somatosensory, and vestibular systems \[[@pone.0224145.ref006]\]. It could be assumed, that the impact of ballet training would have a positive effect on the postural stability in standing. However, Giboin et al. \[[@pone.0224145.ref007]\] reported that balance training resulted in highly task-specific effects and it did not improve general balance ability. Similarly, Hugel et al. \[[@pone.0224145.ref008]\] suggested that the balance abilities developed through the ballet dancers' specialized training may not transfer to the less-challenging balance conditions that are more typical of the activities of daily living.

This may also be the reason for equivocal results when comparing postural control of ballet dancers and untrained subjects. Golomer et al. \[[@pone.0224145.ref009]\] found that professional ballet dancers were less dependent on vision for postural control and for perception than non-dancers. Conversely, de Mello et al. \[[@pone.0224145.ref010]\] concluded that the visual dependency of professional ballet dancers for balance adjustment was greater and the influence of the supporting base on postural sway in professional balance dancers was reduced.

Michalska et al. \[[@pone.0224145.ref011]\] reported that professional dancers had larger postural sway characteristics in comparison to the non-dancers while performing simple motor tasks. Visual information played an important role in the process of maintaining a stable position of the dancer's body \[[@pone.0224145.ref011]\]. Simmons \[[@pone.0224145.ref012]\] found that dancers demonstrated better balance due to more consistent neuromuscular responses, higher proprioceptive sensitivity and they were also more consistent in muscle activation. Golomer et al. \[[@pone.0224145.ref009]\] suggested that one of the reasons why professional dancers were less dependent on vision for dynamic postural control was that dance training presumably shifts the sensorimotor dominance from vision to proprioception.

To obtain more information about balance in professional ballet dancers, it can be useful to evaluate not only the basic parameters of the COP movement, but also to assess the temporal structure of the COP signal using sample entropy. Irregularity and, thus, high entropy (automatic control processes) during postural task can be interpreted as a sign of a healthy, vigilant system \[[@pone.0224145.ref013]\].

It is still unclear whether postural control in professional ballet dancers is different than in untrained subjects in standing balance under different sensory inputs. Therefore, the aim of this study was to assess whether there are differences in postural control between ballet dancers and non-dancers and if these differences are associated with the demands of a postural task. To compare the standing balance between both groups the unipedal standing was chosen, which reduces the quantity of useful and accurate somatosensory information available to the postural control system \[[@pone.0224145.ref014]\]. We hypothesized that increase in demands of the task results in increase in difference between dancers and non-dancers, with dancers performing better.

Materials and methods {#sec002}
=====================

Participants {#sec003}
------------

A group of twenty-five professional ballet dancers (twelve women and thirteen men) employed at the National Theatre in Brno and the Moravian Theatre in Olomouc participated in the study. None of them were injured at that time and all were performing on a regular basis. All the dancers had at least ten years of ballet dancing experience. They practiced five to six days per week, three to eight hours per day. The control group was composed of twenty-five age-matched healthy adults (fourteen women and eleven men), who did not compete in sport at elite level, who were free from injury (no musculoskeletal injuries or neurological conditions) and who had no experience with dance training or any other form of specialized balance training. The study group demographics are presented in [Table 1](#pone.0224145.t001){ref-type="table"}. All participants were informed about the purpose of the study and signed a written consent. The study was approved by the Ethics Committee of the Faculty of Physical Culture, Palacký University Olomouc and the procedures presented were in accordance with the ethical standards for human experimentation as stated in the Helsinki Declaration.

10.1371/journal.pone.0224145.t001

###### Physical characteristics of participants (Mean ± *SD*).

![](pone.0224145.t001){#pone.0224145.t001g}

                  Women         Men                                                      
  --------------- ------------- ------------- -------------- ------------- ------------- -------
  Age (years)     25.6 ± 3.8    24.7 ± 2.6    0.716          23.4 ± 4.0    23.6 ± 1.6    0.157
  Mass (kg)       49.5 ± 3.7    65.6 ± 9.2    **\< 0.001**   67.7 ± 6.5    71.1 ± 7.8    0.268
  Height (cm)     164.1 ± 4.4   169.6 ± 6.2   **0.023**      177.9 ± 4.3   177.8 ± 5.6   0.806
  BMI (kg/m^2^)   18.4 ± 0.9    22.8 ± 2.9    **\< 0.001**   21.4 ± 1.8    22.5 ± 2.0    0.148

*p*-values \< 0.05 are in bold.

Postural stability {#sec004}
------------------

Postural stability data were obtained with a Kistler 9286AA force platform (Kistler Instrumente AG, Winterthur, Switzerland; 600 x 400 x 35 mm, sampling frequency of 200 Hz). Postural stability was tested in the unipedal stance (for both legs) in four different conditions:

1.  standing on a firm surface with eyes open,

2.  standing on a firm surface with eyes closed,

3.  standing on a foam mat surface (Airex Balance Pad, Airex AG, Sins, Switzerland) with eyes open,

4.  standing on a firm surface with eyes open after performing ten 360° non-travelling whole-body turns.

The participants were instructed to stand barefoot in an upright posture on the force platform, with their arms relaxed at their sides, while looking at the visual target placed at eye level on the wall in the distance of 2.5 m. Participants were instructed to stand as still as possible for every trial. The whole-body turns were performed when standing on both legs at a self-selected speed with eyes open. The participants were instructed to take the unipedal stance immediately after finishing the turns, data recording started after five seconds of standing in the unipedal stance. Participants performed three trials for each condition, for a total of 24 trials. Each trial lasted 30 seconds. A rest period of 60 to 90 seconds was given between the trials to prevent fatigue. The order of the tests was randomized for each participant.

The data obtained from the force plate were filtered by a 4th-order low-pass bidirectional Butterworth filter with a cut-off frequency of 7 Hz. A custom MATLAB (version 2018a, MathWorks, Inc., Natick, MA, USA) script was used to compute the standard deviation of the displacement of the COP in the medial-lateral (ML) and antero-posterior (AP) directions (Sway X and Sway Y, respectively), the mean velocities in the ML (Vx) and AP (Vy) directions, and the mean total velocity (V) of the COP translation. Moreover, sample entropy was computed from COP coordinates for each direction (SEx, SEy). Sample entropy is computed as the negative of natural algorithm of a conditional probability that two similar vectors with the length of *m* consecutive data points will remain similar with tolerance *r* even after adding one more data point \[[@pone.0224145.ref015]\]. The computation was performed for *m* = 2, similarity criterion *r* = 0.15 \[[@pone.0224145.ref015]\] using an algorithm available on Physionet \[[@pone.0224145.ref016]--[@pone.0224145.ref018]\].

Statistical analyses {#sec005}
--------------------

Data analyses were performed using the STATISTICA (version 12.0, StatSoft, Inc., Tulsa, OK, USA) software. The mean of the three trials was used in the analysis. No statistical differences were found between dominant and non-dominant leg in a preliminary analysis, therefore, the averaged data of both legs were used further. A three-way analysis of variance (ANOVA) with 2x2x4 design was used to compare groups (ballet, control), gender (men, women) and conditions (1--4). The effect was considered significant for *p* \< 0.05. Partial η^2^ was used as an effect size indicator. Furthermore, Tukey post-hoc test was implemented for pairwise comparisons.

Results {#sec006}
=======

Physical characteristics of participants {#sec007}
----------------------------------------

The physical characteristics of all participants are shown in [Table 1](#pone.0224145.t001){ref-type="table"}. The women ballet dancer group had significantly lower body mass (*p* \< 0.001), body height (*p* = 0.023), and body mass index (*p* \< 0.001) than the control group.

Postural control {#sec008}
----------------

### Group\*condition interaction {#sec009}

Group\*condition interaction was significant for postural sways, COP velocity parameters and sample entropy in the antero-posterior direction (Sway X: *F* = 21.645, *p \<* 0.001, η^2^ = 0.261; Sway Y: *F* = 22.996, *p \<* 0.001, **η**^2^ = 0.273; Vx: *F* = 15.869, *p \<* 0.001, **η**^2^ = 0.206; Vy: *F* = 25.120, *p \<* 0.001, **η**^2^ = 0.291; V: *F* = 24.409, *p \<* 0.001, **η**^2^ = 0.285; SEx: *F* = 1.947, *p* = 0.124, **η**^2^ = 0.031; SEy: *F* = 3.004, *p* = 0.032, **η**^2^ = 0.047).

### The effect of group {#sec010}

Our results showed significant effect of group (ballet dancers, controls) on postural sway in the medial-lateral (*F* = 8.242, *p* = 0.005, **η**^2^ = 0.043) and antero-posterior directions (*F* = 8.687, *p* = 0.004, **η**^2^ = 0.045). In the COP velocity parameters, the effect of group was not significant. In the sample entropy parameters the effect of group was significant for both medial-lateral (*F* = 5.636, p = 0.019, **η**^2^ = 0.030) and antero-posterior directions (*F* = 21.354, *p* \< 0.001, **η**^2^ = 0.104).

Post hoc tests showed ([Fig 1](#pone.0224145.g001){ref-type="fig"}), that for standing immediately after performing 10 turns, the postural sway parameters were significantly larger in the control group compared to the ballet dancers in both men and women (Sway X: men *p \<* 0.001, women *p* = 0.001; Sway Y: men and women *p* \< 0.001). We did not find any significant difference between the groups in the sample entropy parameters, except for SEy in the men when standing with eyes closed (*p* = 0.041; [Table 2](#pone.0224145.t002){ref-type="table"}).

![Mean (+ 1 *SD*) of the COP parameters during the four standing conditions.\
Sway X, Sway Y = standard deviation of the displacement of the COP in the medial-lateral, antero-posterior direction; Vx, Vy = mean velocity of the COP in the medial-lateral, antero-posterior direction; V = total velocity of the COP translation; FS~EO~ = firm surface, eyes open; FS~EC~ = firm surface, eyes closed; FOAM = foam surface (eyes open); A10T = firm surface, after performing 10 turns (eyes open). \* indicates a statistically significant difference between the ballet dancers and the control group of the same gender.](pone.0224145.g001){#pone.0224145.g001}
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###### Sample entropy values (Mean ± *SD*).

![](pone.0224145.t002){#pone.0224145.t002g}

           Women           Men                                                     
  -------- --------------- --------------- ------- --------------- --------------- -----------
  SEx                                                                              
  FS~EO~   0.131 ± 0.032   0.111 ± 0.024   0.954   0.145 ± 0.031   0.137 ± 0.042   0.999
  FS~EC~   0.149 ± 0.028   0.130 ± 0.026   0.961   0.148 ± 0.028   0.147 ± 0.031   0.999
  FOAM     0.131 ± 0.024   0.139 ± 0.030   0.999   0.147 ± 0.027   0.151 ± 0.045   0.999
  A10T     0.139 ± 0.027   0.115 ± 0.027   0.806   0.152 ± 0.021   0.130 ± 0.041   0.941
  SEy                                                                              
  FS~EO~   0.074 ± 0.020   0.061 ± 0.016   0.956   0.092 ± 0.024   0.074 ± 0.023   0.753
  FS~EC~   0.112 ± 0.028   0.090 ± 0.013   0.276   0.128 ± 0.025   0.098 ± 0.016   **0.041**
  FOAM     0.074 ± 0.017   0.079 ± 0.018   0.999   0.092 ± 0.022   0.083 ± 0.019   0.999
  A10T     0.071 ± 0.019   0.063 ± 0.018   0.999   0.088 ± 0.027   0.075 ± 0.017   0.977

SEx = sample entropy in the medial-lateral direction; SEy = sample entropy in the antero-posterior direction; FS~EO~ = firm surface, eyes open; FS~EC~ = firm surface, eyes closed; FOAM = foam surface (eyes open); A10T = firm surface, after performing 10 turns (eyes open). *p*-values \< 0.05 are in bold.

### The effect of gender {#sec011}

A significant effect of gender was confirmed for all variables (Sway X: *F* = 23.411, *p \<* 0.001, **η**^2^ = 0.113; Sway Y: *F* = 27.715, *p \<* 0.001, **η**^2^ = 0.131; Vx: *F* = 59.701, *p \<* 0.001, **η**^2^ = 0.245; Vy: *F* = 60.315, *p \<* 0.001, **η**^2^ = 0.247; V: *F* = 68.693, *p \<* 0.001, **η**^2^ = 0.272; SEx: *F* = 10.528, p = 0.001, **η**^2^ = 0.054; SEy: *F* = 21.459, *p \<* 0.001, **η**^2^ = 0.104).

Post hoc analysis showed larger values of postural sway and COP velocities in the men compared to the women only for the controls, for all parameters in standing immediately after performing 10 turns (Sway X, Vx, Vy, V: *p \<* 0.001; Sway Y: *p* = 0.005) and for the COP velocity in the medial-lateral direction (Vx: *p* = 0.003) in standing with eyes closed. For the sample entropy parameters we did not find any significant difference in both ballet dancers and control groups.

### The effect of condition {#sec012}

The effect of condition was significant for all variables with exception of sample entropy in the medial-lateral direction (Sway X: *F* = 75.855, *p \<* 0.001, **η**^2^ = 0.553; Sway Y: *F* = 64.384, *p \<* 0.001, **η**^2^ = 0.512; Vx: *F* = 96.136, *p \<* 0.001, **η**^2^ = 0.611; Vy: *F* = 92.550, *p \<* 0.001, **η**^2^ = 0.601; V: *F* = 108.939, *p \<* 0.001, **η**^2^ = 0.640; SEx: *F* = 1.997, *p* = 0.116, **η**^2^ = 0.032; SEy: *F* = 27.565, *p \<* 0.001, **η**^2^ = 0.310).

Post hoc analysis showed for both genders significantly larger postural sway and COP velocity parameters in the control group in standing with eyes closed and standing after performing 10 turns compared to standing with eyes open on both firm and foam surfaces (*p \<* 0.001). In the ballet dancers, we found significantly higher COP velocity parameters in standing with eyes closed compared to all other conditions (*p \<* 0.001). Sway X was significantly larger in standing with eyes closed compared to standing with eyes open on both firm and foam surfaces (*p \<* 0.001) and also compared to standing after performing 10 turns (only men, *p* = 0.002). For Sway Y we found a significantly larger value in standing with eyes closed compared to standing with eyes open on the firm surface (only men, *p \<* 0.001).

For sample entropy, post hoc test showed significantly higher values only in the ballet dancers in the antero-posterior direction in standing with eyes closed compared to all other conditions (*p \<* 0.002).

Discussion {#sec013}
==========

This study found that, for the unipedal stance, the sway and the velocity characterising the COP movement in the ballet dancers and the control group were generally comparable, with the exception of standing after performing 10 turns.

Comparable values of COP parameters could indicate a similar level of balance in ballet dancers and untrained subjects. However, balance assessment should not be done based only on the information about the amount of movement of the COP. It is important to focus also on the assessment of the temporal structure of the signal and the neuromuscular control strategy. This was found to be positively related to the degree of attention invested in postural control \[[@pone.0224145.ref019]\]. Roerdink et al. \[[@pone.0224145.ref020]\] state, that the automatic control processes increase the entropy of the signal while the volitional control decreases it. A more regular COP pattern indicates that the postural behaviour is more rigid \[[@pone.0224145.ref021]\].

In our study, the ballet dancers had significantly smaller postural sway and COP velocities compared to the controls only during standing after 10 turns. Because ballet dance training includes specific equilibrium exercises, which allow the dancers to perform balanced poses and hold their position for many seconds \[[@pone.0224145.ref022]\], it could be expected that the ballet dancers would exhibit better postural control in static conditions than non-dancers would. This was corroborated by previous studies \[[@pone.0224145.ref012], [@pone.0224145.ref023]\]. By contrast, Lin et al. \[[@pone.0224145.ref024]\], who assessed postural stability in the unipedal stance in different ballet postures in healthy non-dancers, healthy dancers, and dancers with ankle sprains, did not find any differences between the dancers and non-dancers during the static test performed both with the eyes open and closed. Similar results were also reported by Perrin et al. \[[@pone.0224145.ref025]\] who analysed postural balance control in static and dynamic conditions of high-level judoists, professional dancers, and the control group. Only the judoists were able to maintain a better balance control than the control group in all measured situations.

The results of our study also showed that the difference in the entropy values between ballet dancers and controls was not significant. Michalska et al. \[[@pone.0224145.ref011]\] and Stins et al. \[[@pone.0224145.ref019]\], who assessed sway patterns of ballet dancers in bipedal standing, presented increased values of sample entropy for ballet dancers, thus more automatized postural control. It seems that unipedal stance requires more attention (is less automatized) also in ballet dancers.

Another factor observed in this study was gender. Our results support the hypothesis that no gender differences would be found in the common balance tasks \[[@pone.0224145.ref026], [@pone.0224145.ref027]\]. On the other hand, in our study the men from the control group had a significantly larger postural sway and higher COP velocity in both directions after performing 10 turns compared to women from the same group. The reason for this is not clear and it seems that any explanation, perhaps except for the difference in body height, would be rather speculative.

Our findings further showed that differences between the ballet dancers and the control group are influenced by postural task. The effect of group\*condition interaction was large for postural sway and COP velocities and small for sample entropy parameters. During standing with eyes closed significantly larger postural sway and higher COP velocities compared to all other conditions were found. Input from the visual system is fundamental in proactive (anticipatory) postural control \[[@pone.0224145.ref028]\]. The importance of visual input increases in situations where information from other sensory inputs is reduced \[[@pone.0224145.ref029], [@pone.0224145.ref030]\]. Such situations include also a unipedal stance used in our study.

The findings of Hugel et al. \[[@pone.0224145.ref008]\] demonstrate that the bipedal quiet stance is not representative of the conditions in which balance expertise comes into play. This was corroborated by Kiefer et al. \[[@pone.0224145.ref031]\] who compared proprioception awareness in dancers and non-dancers. They found that COP variability during quiet standing did not differ between both groups, in quiet stance ballet dancers did not benefit from their superior proprioceptive awareness. Common ballet training was not found to improve joint position sense at the ankle. Additional coordinative training is necessary to improve static balance of the ballet dancer \[[@pone.0224145.ref023]\]. This was the reason why, in the current study, postural stability was assessed using the unipedal stance, which is more demanding than the bipedal stance. The unipedal stance requires greater motor control than the bilateral stance because standing balance recovery movements at both the ankle and hip joints are needed. If the difficulty of balance task increases as encountered in the unipedal stance, the postural strategies used to recover balance could be reorganized \[[@pone.0224145.ref032]\]. Our findings showed that even during a unipedal stance with eyes open on both firm and foam surface the ballet dancers were not able to utilize their experience with balance training.

The postural control measurements obtained during standing after performing whole-body turns displayed a different tendency than did the other standing conditions. As the vestibular system plays an important role in balance, posture, and dynamic motion through space, the whole-body turns served in the present study as a specific vestibular manipulation. All observed parameters were significantly lower in the ballet dancers than in the control group for both men and women. These findings are in accordance with those by Hopper et al. \[[@pone.0224145.ref033]\].

One of the reasons of the differences found in our study may be that although pirouettes are a complex task, they are performed routinely by professional classical ballet dancers \[[@pone.0224145.ref034]\]. The ballet dancers' ability to perform multiple pirouettes (the whole-body turns) with minimal sensation of vertigo could be result of effect of training on vestibular processing. According to Lin et al. \[[@pone.0224145.ref035]\] a smaller inclination angle of rotational axis is typical for experienced dancers which implies better biomechanical factors for maintaining postural stability. Pirouetting elicits the perception of rotatory self-motion (vertigo) as well as a reflexive vestibular-ocular reflex \[[@pone.0224145.ref036]\]. To be able to properly execute a pirouette, the ability to adapt motor behaviour based on imagery strategies is of major importance. It was concluded that professional dancers were able to compensate for vestibular and fatiguing perturbations due to a higher level of skill-specific motor training \[[@pone.0224145.ref033]\]. The non-dancers therefore lack the specific skills that the ballet dancers obtained during their ballet dance training.

When interpreting the results, balance should not be assessed as a general ability, it should be assessed as a task-specific skill \[[@pone.0224145.ref007], [@pone.0224145.ref037]\]. Casabona et al. \[[@pone.0224145.ref038]\] investigated the effect of foot configuration during bipedal stance on balance. They found that the differences between the professional ballet dancers and controls were only for stance with feet in extra rotation (an opening angle of 140°), thus in a stance familiar to the dancers. Improved balance resulting from the dance training was therefore related with a specific foot position and not with the level of stance difficulty. In the present study a unipedal stance under different sensorimotor conditions (open vs. closed eyes, firm vs. foam surface, vestibular manipulation) was used. The only statistically significant differences between the ballet dancers and controls were found for standing after performing 10 whole-body turns. While for the controls this condition seemed the most difficult, in the ballet dancers the values of COP sway and velocities were comparable to standing on the firm surface with eyes open and standing on the foam surface. This suggests that these differences can be explained by the task-specific skill of the ballet dancers they obtained by frequently performing various types of turns during dance training and performance.

In a group of ballet dancers also sample entropy in the antero-posterior direction was increased during this condition. This suggests lower attention during this task, probably due to reduction of information from vision. As ballet dancers use visual afference as the major input to achieve a better postural control, they can perform worse than untrained subjects in daily situations where this input is unavailable. \[[@pone.0224145.ref025]\].

Differences in sample entropy values during standing after performing whole-body turns between the ballet dancers and the controls were not significant in the women. We suppose that while in the ballet dancers the signal irregularity can be considered as a sign of automaticity, in the control group, comparable entropy values are a sign of postural instability. Kiefer et al. \[[@pone.0224145.ref039]\] stated that dancers were able to produce stable coordination patterns without rigidly constraining the coupling between movement system degrees of freedom. While adopting an automatic postural control, balance of non-dancers seemed to reach a plateau.

Limitations of the current study {#sec014}
--------------------------------

Among the limitations of the present study are the significantly lower body mass as well as the significantly lower BMI values in female ballet dancers, as compared to the non-dancers. Ku et al. \[[@pone.0224145.ref040]\] revealed that BMI had an impact on postural control during the unipedal stance. However, it would be very difficult to find a control group of healthy women with BMIs matching those of professional ballet dancers. Hamilton et al. \[[@pone.0224145.ref041]\] stated, that significant anatomic differences separate elite dancers of both genders from the normal population.

Other limitation of our study can be that lower-extremity muscle strength, which can significantly affect balance level \[[@pone.0224145.ref042]\], was not evaluated. Giboin et al. \[[@pone.0224145.ref043]\] state, that the learning of dynamic balance tasks may depend on the lower limb power. According to Ambegaonkar et al. \[[@pone.0224145.ref044]\], subjects with greater hip flexor, extensor, and abductor strength had better balance scores.

The small sample size of the ballet dancers may be another limitation. The conclusions reached using a larger sample size would have a greater validity; however, the sample size in the present study is comparable to other similar studies. The group of ballet dancers in the current study comprised all the ballet dancers who were employed at the two professional ballet companies and passed the inclusion criteria. The two ballet companies (the National Theatre in Brno and the Moravian Theatre in Olomouc) rank among four largest in the Czech Republic.

Conclusions {#sec015}
===========

The results from the present study do not support the hypothesis that professional ballet dancers have a better general balance ability than untrained subjects and that they would perform better particularly under conditions with high demands on postural control. The ballet dancers achieved significantly better results only in standing after 10 whole-body turns (vestibular manipulation) but the explanation for this can be that ballet dancers possess a task-specific skill that allows them to perform better under this rather specific condition.
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